Reported herein is an overview of the research being conducted within the Materials I)ivision at NASA Langley Research Center on the development of smart material technologies for advanced airframe systems. The research is a part ii the Aircraft Morphing Program which is a new six-year research program to develop smart components for seli.adaptive airframe systems. The fundamental areas of materials research within the program are computational materials: advanced piezoelectric materials: advanced fiber optic sensing techniques: and fabrication of integrated composite structures. 1 his paper presents a portion of the ongoing research in each of these areas of materials research.
INTRODUCTION
The Aircraft Morphing program' at NASA Langley Research Center (LaRC) is a fundamental research program to develop and mature smart component technologies for advanced airframe systems. The ultimate objective is to provide active component technologies that enable self-adaptive flight for revolutionary improvements in pertomlance and safety in a costeffective manner. Within the Materials Division (MD) advanced materials are being developed tbr sensors and actuators, as well as polymers for integrating smart devices into composite structures. As shown in Figure I , MD contributions to the Aircraft Morphing Program reside in four key areas: computational materials: advanced piezoelectric materials; fiber optic sensing devices and integrated composite structures. The computational materials effort is focused on developing predictive tools for the efficient design of new materials with the appropriate combination ofproperties for next generation smart airframe systems. Research in the area of advanced piezoelectrics includes optimizing the efficiency, force output, use temperature, and energy transfer between the structure and device for both ceramic and polymeric materials. For structural health monitoring, advanced non-destructive techniques including fiber optics are being developed for detection of delaminations, cracks and environmental deterioration in aircraft structures. Methods of confiriiiing aerodynamic shape of a conformable structure and measuring air flow characteristics with fiber optic sensors are also a part of this program. Lastly, innovative fabrication techniques for processing structural composites with sensor and actuator integration are being developed. A majority of this research will be completed fir specific applications including the fabrication of a composite panel with embedded shape memory alloys (SMA) for reducing sonic fatigue in aircraft structures. The research in each ofthese key areas has been designed to meet application needs of the Aircraft Morphing program including aeroelastic tailoring, noise cancellation, laminar flow control and airframe health monitoring. Within this paper, a portion ofthe ongoing research in each ofthe areas ofmaterials research is highlighted.
COMPUTATIONAL MATERIALS
Developments in a number ofareas ofaeronautics are currently materials-limited. These areas include the creation cf efficient, lightweight structures, some aspects of propulsion, noise and vibration abatement, and active controls. Recent, rapid increases in computer power and improvements in computational techniques open the way to the use of simulations in the development of new materials. At NASA-LaRC, computer-aided design of materials has concentrated on two classes d' materials: high performance continuous-fiber reinforced polymer matrix composites and piezoelectric films from high temperature polyimides.
An integrated, predictive computer model is being developed to bridge the microscopic and macroscopic descriptions of polymer composites. This model will significantly reduce development costs by bringing physical and microstructural information into the realm of the design engineer. The range of length and time scales involved is huge, and different scientific and engineering disciplines are involved as shown in Table 1 . Models at each level require experimental verification and must connect with models at adjacent levels. As an example, at the meso level, constitutive models can be based upon concepts of composite micromechanics combined with mathematical descriptions ofthe properties ofthe fiber and matrix constituents. Experiments provide insights into the proper form of the analytical description as well as the material properties required for the selected model. An analytical micromechanics model has been developed to predict the nonlinear stress/strain behavior of advanced composites at elevated temperatures2. The model is based upon a square array with the fiber and matrix regions represented by rectangular sections. The fiber is assumed linear elastic and the matrix is assumed to be a nonlinear, orthotropic material. A oneparameter potential function is used in the flow rule to predict the plastic strain during loading. Material properties of the fiber and matrix were measured in the laboratory and used as inputs to the model. Figure 2 shows the predicted stress/strain response of the 1M7/5260 unidirectional composite material for varying degrees of off-axis loading. Experimental test data compares favorably to the predictions for several ofthe off-axis angles. In order to induce a piezoelectric response, the polymer is poled by applying an electric field (E 100 MV/rn) across the thickness of the polymer at an elevated temperature sufficient to allow mobility of the molecular dipoles. The dipoles are aligned with the applied field and will partially retain the induced polarization when the temperature is lowered below the glass transition temperature in the presence of the field. The resulting rernanent polarization is proportional to the level of piezoelectricity.
To computationally simulate the experimental poling process, semi-empiricial molecular orbital calculations on model segments of the polymers were used to obtain the electron distributions and potential energy surfaces of the segments. Calculated dipole moments of the model segments were compared with experimental data whenever possible. In addition, the torsional barriers were of interest because they dictate the flexibility ofthe polymer backbone and hence the ability of the dipoles to orient in response to an external field. A modified force field for use in molecular dynamics simulations was then created. A five unit long polymer was built and packed into a cell with three-dimensional periodic boundary conditions at the experimental density. The temperature and electric field were scaled to bring the poling response into the simulation timescale (200 picoseconds.) From this model, dielectric relaxation strengths were calculated which are in excellent agreement with experimental results, indicating that the computational model can be used as a reliable tool to guide the synthesis of new piezoelectric polymers4. Figure 3 presents measured piezoelectric properties, d31, as a function of temperature for the NASA experimental polyimide and state ofthe art, PVDF. The piezoelectric coefficient for the polyimide increases with temperature and extends well beyond the feasible temperature range of use for PVDF. However, its piezoelectric response is an order of magnitude lower than that of PVDF. Ongoing research, guided by computational models, should provide improved understanding Cf the requirements for heightened piezoelectric response and the ability to rapidly evaluate candidate structures in consultation with synthetic polymer chemists. Figure 3 . Piezoelectric coefficient as a function oftemperature for polyimide and PVDF.
or more non-piezoelectric secondary layers. Because of the use of elevated temperatures during processing, internal stresses are created in the structures which significantly enhance displacement through the thickness of the devices. The reader is referred to the literature for more information on RAINBOW and THUNDER 8-10devices and their application.
Currently, the processing and characterization of these high-displacement actuators are under investigation. One recent characterization study involved the effects of electric field, load and frequency on the displacement properties 1 rectangular THUNDER devices. Results showed that individual actuators were capable of free displacements in excess of 3 mm when tested at 9 kV/cm. Increasing device stiffness through metal selection and thickness resulted in improved loadbearing performance at the expense of displacement, allowing devices to be designed with a range of performance capabilities. Figure 4a shows a strain versus voltage curve for a THUNDER device produced with a 0. 1 -mm thick stainless steel backing and a 0.2-mm thick PZT-5A ceramic layer. In this test, the actuator demonstrated a maximum of 1 .7-mm total stroke with no load decreasing to approximately 1-mm total stroke with a 250-g point load. Figure 4b shows the displacement performance as a function of frequency for the same actuator when clamped on one end. The resonance frequency was found to vary significantly with clamping configuration and improved clamping methods are currently being developed application specific mounting configurations. As many aeronautics applications of high-displacement piezoelectric actuators will require continuous, long-term operation of the devices, the fatigue characteristics of these materials are also under investigation. In these measurements, the displacement and/or polarization properties of the actuators have been evaluated under continuous application of electric fields for more than 10 million cycles. Example performance properties for RAINBOW devices produced from different starting piezoelectric compositions are illustrated in Figure 5a and 5b. Figure 5a shows the normalized free displacement performance 
Ferroelectric Thin Films Microactuators
Recent preliminary results'3 on the integration of ferroelectric thin films with MEMS devices, indicate the feasibility of producing microactuators for application in aerospace systems. PZT-based microactuators (0.2 to 1 0 .tm thick) have demonstrated displacements of 0. 1 to 0.6 im at 5 to 1 0 V operation'4. To further develop these devices, a metallo-organic decomposition (MOD) process is being used to produce high-quality ferroelectric thin films on Si microstructures.
In this work, piezoelectric 2/53/47 and electrostrictive 9/65/35 solutions were deposited onto platinum-coated silicon (i.e., Pt/Si) and silver foil substrates. The films possessed ferroelectric hysteresis loops similar to the corresponding bulk ceramics, as shown in Figure 6 . The piezoelectric films exhibited remanent polarizations (PR = 28.6 iC/cm2), saturation polarizations (Psat = 35.1 iC/cm2), and coercive fields (Ec = 50.7 kV/cm) commensurate with bulk properties. Displacements of 1 to 10 .tm have been demonstrated to date. Current work is underway to fully integrate the ferroelectric films with micromachined silicon diaphragms for use in flow control applications. ofthe devices over time, while Figure Sb shows the performance when a 300-g static load was applied during testing. When evaluated without load, the actuator displacement decreased less than 10% over the 1 0 cycles tested. However, noticeable displacement degradation (20-50%) was observed when the RAINBOWs were tested under a 300g static load 1,12 To improve these results, researchers are currently evaluating techniques to increase the load-bearing capability of the actuators through both enhanced processing techniques and alternative mounting configurations. 
AIRCRAFT HEALTH MONITORING WITH DISTRIBUTED FIBER OPTIC SENSORS
Within the Aircraft Morphing program, fiber optic sensors are being developed for monitoring critical structures on future aircraft which are expected to be largely carbon fiber reinforced composite structures. Methods for embedding the optical fibers in these composites are being investigated. With embedded sensors, composite cure can be monitored leaving the sensors as an integral part of the structure for health monitoring. For structural health monitoring, advanced nondestructive techniques, including optical, thermal, ultrasonic and radiographic, will be developed for detection 1 delaminations, disbonds, cracks and environmental deterioration in aircraft structures. Continual monitoring of structural well-being will improve aircraft safety and decrease turnaround time and maintenance costs. The main focus is on temperature and strain measurement in a single fiber. Other parameters of interest are aerodynamic quantities such as flow and pressure and conformation ofaerodynamic surfaces.
Fiber Optic Distributed Strain Sensor (FODSS)
The FODSS instrument consists of a wavelength-tunable narrow linewidth laser, a fiber optic network containing a sensing fiber with Bragg grating sensors, light detection photodiodes, signal conditioning electronics, and a digital signal processor. Bragg gratings written into an optical fiber by a UV laser can be used as a single point sensor along the length d an optical fiber. NASA LaRC has developed a method for demodulation of over 50 gratings along a 7-rn length of fiber for distributed measurement of strain, or hydrogen'5. The Bragg grating sensor reflects only a narrow band of light wavelengths propagating in the fiber. The equation governing the center wavelength ofthis reflected band is 2nA=) (1) where n is the index ofrefraction ofthe fiber core, is the reflected wavelength, and A is the grating spacing. Strain is defined by the change in length over length, which for a Bragg grating sensor is,
AB where the subscript B refers to a baseline grating spacing value obtained prior to flight. FODSS rneasures the wavelength cf light reflected by a grating to determine its spacing A via Equation (1) . Therefore in terms of reflected wavelength strain can be written as,
The form of the equation, corrected for material properties, is given by, e=K-TJ (4) where the constant K is a function of the refractive index, Poisson's ratio, and strain-optic constants of the fiber, is the thermo-optic coefficient, and LT is change in temperature.
A block diagram of the FODSS demodulation technique is shown in Figure 7 . FODSS detects signals from the low finesse Fabry-Perot cavities formed between each grating and its reference reflector. Fourier methods are then used to recover the reflected center wavelength of each grating. . Schematic of demodulation system for optical network mounted on VME card(s).
To illustrate the FODSS system. strain measurements on a dual cantilever beam are preseiited ri Figure 8 . Twentytwo bragg gratings were distributed along a single fiber and the results were compared with resistance strain gauges. This type of strain measurement with optical fibers allows strain mapping of large structures such as aircraft aerodynamic surfaces to monitor the changing shape of morphing surfaces. 
FABRICATION OF INTEGRATED COMPOSITES
Interior noise and sonic fatigue are important issues in the development and design of advanced subsonic and supersonic aircraft. Conventional aircraft typically employ passive treatments, such as constrained layer damping and acoustic absorption material, to reduce the structural response and resulting acoustic levels in tile aircraft interior. These techniques require significant addition of mass and only attenuate relatively high frequency noise transmitted through the fuselage. Adaptive and/or active methods of controlling the structural acoustic response of panels to reduce tile transmitted noise may be accomplished with the use of SMA hybrid composite panels. These panels have the potential to ofi improved thermal buckling/post buckling behavior, dynamic response, fatigue life, and structural acoustic response.
SMAs exhibit a characteristic phase transformation from martensite to austenite, initiating at the austerlite start temperature and asymptotically ending at the austenite finish temperature. A SMA in the condition below the austenite start temperature, when plastically deformed and external stresses removed, will regain its original (memory) shape when heated. This phenomenon can be utilized to fabricate smart structures. The most common SMA is Nitinol (Nickel, jtanium. and flaval Qrdnance Laboratory). The shape memory effect for this family of alloys is limited to nearly stoichiometric composition (Nickel: 53-57 wt%). Strains as high as 6-8% can be completely recovered by heating Nitinol above the austenite finish temperature. in addition, when Nitinol is heated, the Young's modulus increases three to four times and the yielding strength also increases approximately ten times.
initial work in the fabrication of integrated composites has focused on the manufacture of F-glass' Fiberite 934 epoxy panels with embedded shape memory alloys. Quasi-isotropic panels with unstrained SMAs embedded in the zero degree direction have been successfully fabricated. The lay-up of the panels fabricated is shown in Figure 9 . Since 12 inch wide Nitinol strips were not available, five 0.10 inch wide. 5 mil thick rectangular Nitinol ribbons were butted together side to side with a spacing of 1/2 inch between sets. The SMA strips were heated to 250F for an hour after being cut and prior to being embedded to recover any initial strain that may have developed from being shipped wound on a spool. The SMA composite panels were processed using the standard 934 epoxy autoclave cure cycle (2hr ) 350'F. too psi). Test specimens machined from a cured hybrid panel are shown in Figure 10 . Future panels will be fabricated with prestrained SMA strips. These panels will require tooling which will restrain the SMA strips from contracting during the thermal cure. Panels with bi-directional (0/90) SMAs as well as hybrid built-up structure will also be fabricated. All panels will be subjected to various tests to assess their noise, buckling, and fatigue characteristics as compared to baseline panels without embedded SMAs. 
SUMMARY
A substantial amount of research is currently ongoing within the Materials Division at NASA LaRC to develop smart material technologies for active airframe systems. Research in the area of computer-aided design of materials has yielded computational models to predict the micromechanics of structural composites at elevated temperatures and to predict molecular orientation in high-temperature piezoelectric polymeric materials. Researchers are also developing two highdisplacement piezoelectric actuator devices, RAINBOW and THUNDER. Current research on these actuators is focused on optimizing the piezoelectric performance and characterizing the fatigue life of such actuators. In the area of airframe health monitoring, fiber optic distributed strain sensors have been developed to measure strain in large-area structures. Research is also underway to develop arrays of such sensors to monitor the changing shape of airframe surfaces. Methods for fabricating composite components with sensor and actuator integration have also been developed. A majority of this research is being completed for specific applications including the fabrication of composite panels with embedded shape memory alloys fcr reducing sonic fatigue in aircraft structures.
